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1. Introduction 

The significant increase of information exchange on packet-switched data networks 

has become a challenge for communication companies. The real traffic is already not 

able to be modeled by Poisson processes, because the real traffic’s nature has changed 

leading to the appearance of new concepts such as self-similarity, long-range 

dependence, etc. Therefore, new models such as FARIMA model, which are able to 

capture these new features of network’s traffic, have arisen. 

Furthermore, the appearance of new types of traffic, more sensitive to delays and 

information losses, coupled with the agreements reached between communication 

companies and customers through Service Legal Agreement (SLA), where the service 

provider stipulates a guaranteed level of service is offered, have ended into a change 

of philosophy. The quality of service’s (QoS) philosophy takes the main role, instead 

the best-effort service’s philosophy acquired at the beginning. 

In the full knowledge that the amount of money is at stake, communication companies 

have established the analysis and modeling of network traffic as a priority when 

planning networks and developing communication equipment is their purposes. At this 

point, the utilization plays an important role due to the fact that it measures how busy 

a device is. Depending on the estimated value, the network’s elements will be 

designed in such a way that they can afford the level of service agreed, but, at the 

same time, with only the strictly necessary resources invested. 

This thesis is structured as follows. Chapter 2 is a brief overview of the theoretical 

concepts and estimation tools used. Chapter 3 introduces the DiffServ architecture. 

Chapter 4 presents Opnet modeler and the simulated network’s topology. Chapter 5 is 

composed by two experimental cases where we analyze the influence of self-similar 

traffic on the utilization of a queue and we observe the utilization’s behavior for 

different time window’s lengths.  
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2. Telecommunication traffic, utilization and statistical models 

The first step on the telecommunication network analysis performance occurred when 

the Poisson process [25] appeared,   which is used to model call arrivals in a telephone 

network.  

The Poisson process is considered an independent, memory-less renewal process 

characterized by an inter-arrival exponential time distribution. 

Although Poisson processes are analytically attractive, new studies have demonstrated 

that traffic on packet-switched data networks follows a slightly bursty and temporally 

correlated nature [26][27], instead of the renewal nature that Poisson processes 

follow, which means a severe drawback to model traffic burstiness. 

These studies show that fractal processes represent real traffic's behavior with greater 

accuracy. Therefore, parsimonious self-similar processes such as Fractal Brownian 

Motion (FBM), Fractal Gaussian Noise [28] and Fractional Auto Regressive Integrated 

Moving Average (FARIMA) are able to model the data network traffic. 

Furthermore, several experiments have demonstrated that long range dependent 

traffic has an adverse effect on network performance owing to the distribution of 

queue lengths decay more slowly under self-similar traffic [29][30]. It is worth pointing 

out that for small buffer sizes or short time scales, long-range dependence has only a 

marginal influence as we can see in [31][32]. 

Several researchers have found that data networks such as Ethernet traffic [33], Wide 

Area Internet traffic [34], World Wide Web traffic [35], Variable Bit Rate (VBR) video 

traffic [36], ISDN traffic [37] and Common Channel Signaling Networks (CCNS) [38] 

have a self similar behavior. To have a better understanding of fractal processes we are 

going to introduce some interest concepts that define them. 
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2.1. Self-similarity 

Self-similarity is a property associated to fractal processes and is attributed when the 

appearance is unchanged irrespective of scaling in space or time. In teletraffic data, 

self-similarity property is manifested in stochastic objects such as time series, 

concretely in a distributional sense; in other words, the object's correlation remains 

unchanged regardless the scale is being viewed. 

Self-similar traffic has several implications in network performance [39]: 

- During periods of network congestion, this is persistent and losses can be high. 

- Periods of congestion are more difficult to predict. 

- Congestion recovery is as important, if not more so, than congestion avoidance. 

Below, a comparison between self-similar processes and standards models is shown: 

Self Similar Model Standard model 

Bursts have no natural length Bursts are predictable  

Aggregation intensifies burstiness Aggregation masks burstiness 

Burstiness at all time scales Burst only evident at small time scales 

Table 2.1: Comparison between self-similar and standard processes. From [39] 

2.1.1. Theoretical definition 

Self-similarity can be described in two different ways. Given a stationary stochastic 

process, the m-aggregated series can be obtained for each m = 1,2,3.., let �(�)) = 

(��
(�): k = 1,2,3..) by averaging the original series : (�� : k=1,2,3…) over non-

overlapping blocks of size m.  
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For each m, the aggregate time series �(�) defines a covariance stationary process: 

�(�)(	) denotes the autocorrelation function of stochastic processes �(�) and �(	) 

denotes the autocorrelation function of stochastic processes without aggregation.  

Then, the process is exactly second-order self-similar if 

�(�) (	)  =  �(	), 	 ≥  0 (2.1) 

and it is asymptotically second-order self-similar if 

�(�)(	) →   �(	), �� � →  ∞        (2.2) 

Mathematically, self-similarity manifests itself in a number of equivalent ways [40]: 

- The variance of the sample mean decreases slower than the reciprocal sample 

size. 

- The autocorrelations decay hyperbolically rather than exponentially fast, 

implying a non-summable autocorrelation function ∑ �(	)�  =  ∞. 

- In frequency domains, the spectral density obeys a power-law near the origin. 

 

Figure 2.1: Stochastic self-similarity in the “burstiness preservation sense” across timescales 100s, 10s, 
1s, 100ms (top-left, top-right, bottom-left, bottom-right). From [41] 



5 

 

2.2. Long Range Dependence and Short Range Dependence 

The Autocorrelation Function (ACF) determinates if a process is long range dependent 

(LRD) or short range dependent (SRD). When the coupling between values decreases 

rapidly at different time scales, the process is SRD. Otherwise, if this dependence is 

much stronger, the process is LRD. That means that ACF values in SRD processes 

decays quickly to zero, as exponential decaying forming a finite area. Conversely, in 

LRD processes the ACF values decays hyperbolically leading to an infinite area. 

 

Figure 2.2:  On the left, SRD autocorrelation function and on the right the LRD one . From [42] 

In frequency domain, the signal power of an LRD process is more powerful at low 

frequency than at high frequency as we can observe in the following figure: 

 

Figure 2.3: Spectral power density: left, SRD process with H = 0.5 and right, LRD process with H = 0.9. 
From [43] 

It is worth noting that self-similar processes may exhibit long range dependence but 

not all long range dependent processes are self-similar. 
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2.3. Heavy-tailed distributions 

Heavy-tailed distributions are probability distributions that have heavier tails than 

exponential distributions. They are usually associated with self-similar processes due 

to the fact that they can get values far from the mean being suitable to generate 

bursty traffic, moreover to having a high or infinite variance. In self-similar processes, 

they are used to characterize stochastic processes like size and time distribution. 

A study [34] has revealed that self-similar traffic is created using ON/OFF sources 

when, at least, in one of them, the probability density function is modeled by a heavy-

tailed distribution being ON when they are sending packets and OFF when they are 

idle. 

Mathematically, a static distribution is heavy tailed if 

��� > ��~��� , 0 < � < 2 (2.3) 

The most well-known heavy-tailed distributions are Pareto and Weibull distribution. 

2.3.1. Pareto distribution 

Pareto distribution is defined by the following functions 

CDF:  !(�|�, 	) = 1 − % & 
'
(

�
; 	 ≤ � < ∞;  �, 	 > 0        (2.4) 

   PDF:   +(�|�, 	) =  ��,

-,./  ;  	 ≤ � < ∞;  �, 	 > 0        (2.5) 

and the mean and variance values are 

 0��� = ��

��1
, � > 1 (2.6) 

2����� = ��3

�(��1)3(��4)�
 ;  � > 2     (2.7) 
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Where k is the minimum possible value of X, always bigger than 0, and α is the shape 

parameter. 

Let (�� : k=1,2,3…) defines a stochastic process. If it is stationary and we assume a 

Pareto distribution, then we can ensure that the estimated Hurst parameter value is  

5 = 6��

4
 , being α the shape parameter of Pareto distribution [44].  

 

Figure 2.4: PDF for Pareto distribution with α = 1.1, 1.4 and 1.9. From [45] 

2.3.2. Weibull distribution 

The probability density function of Weibull distribution is defined as follows: 

+(�|�, 7) =
�

8
 ���19�(

'

:
), 

; � ≥ 0;  �, 7 > 0     (2.8) 

The Weibull distribution is related to other probability functions, in fact, it interpolates 

between the exponential distribution (α = 1) and the Rayleigh distribution (α = 2). 
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Figure 2.5: PDF of Weibull distribution with different values of the shape and local parameter. From [46] 

Depending on the α value, the failure rate, which is the frequency that the generated 

traffic fails within specified time frame, has a different behavior. With α < 1 the failure 

rate decreases during the time, with α = 1 the failure rate is constant and with α > 1 

the failure rate increases along the time. 

2.4. Utilization 

Utilization is generally defined as the ratio of throughput to capacity as we can observe 

as follows 

;<�	� = =>���

?>���
      (2.9) 

where @ is a time interval @ = �	 − A + 1, 	�, A is time interval length, and 

C<�	� = 1

D
∑ �<E�	 − F�D�1

GHI      (2.10) 

J<�	� = 1

D
∑ �KLM�	 − F�D�1

GHI .     (2.11) 
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The function of the utilization consists on measuring how busy the system is, in our 

case, any network element. Usually, the value of ρ is lower than 1, but on systems with 

memory, it is common to get values bigger than 1. 

It is an important parameter to take into account due to the fact that it can be useful 

to design the network’s devices. Depending on an element’s utilization ratio, its 

features will be chosen (i.e. it is not worth to have a queue with a huge buffer size if 

the incoming traffic is very low). 

At this point, it is also important to introduce the moving average that will be used to 

calculate the utilization depending on the time window’s length (see section 5.2).  

The moving average is defined as a type of finite impulse response filter used to 

analyze data creating a series of different subsets’ average of the full data set. It is 

commonly used with time series data to smooth out short-term fluctuations and 

highlight long-term trends or cycles.  According to the necessities of our project, the 

moving average used is the discrete convolution presented as follows 

(+ ∗ O)�F� ≝ ∑ +���O�F − ��Q
�H�Q       (2.12) 

It is worth to mention that in our case the time interval, which is a definite time length 

marked off by two instants, will be selected in depending on the level of smooth that 

we  want to get. 

2.5. Hurst parameter 

Self-similar processes are characterized by the mean of their distribution function 

defined as  

�(R) =S �T�(�R) (2.13) 
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The equality symbol =S  stands for equality of distributions. If they have an identical 

distribution for all the values of a bigger than 0, then the process is self-similar with H 

as a value of the Hurst parameter. 

Hurst parameter is the most common parameter to express self-similarity. A process is 

self-similar if Hurst parameter value falls within the range of 0.5 < H < 1.  The closer the 

Hurst parameter is to 1 the more burstiness the process will exhibit. 

Mathematically, Hurst parameter can be calculated accurately because it is perfectly 

defined, but the measurement implies a problem [51]. Therefore it is only possible to 

estimate it. The problem arises in the existence of different methods for estimating 

Hurst parameter, since they create conflicting values generating doubts of which one 

provides the most accurate estimation. 

Below, we are going to introduce the methods integrated in SELFIS tool, which we will 

use to estimate the Hurst parameter in this thesis. The information has been extracted 

from [52]. 

2.5.1. Variance method 

Variance method is based on property of slowly decaying variance of self-similar 

processes undergoing aggregation. The method plots in log-log scale the variance 

against the block size of each aggregation fitting a sample least squares line through 

the resulting points in the plane, ignoring the small values for m. Values of the 

estimate ß of the asymptotic slope between –1 and 0 suggest self-similarity and an 

estimate for the degree of self-similarity is given by 5 = 1 − 8

4
. 
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Figure 2.6: Example of variance method. From [53] 

2.5.2. Absolute Value method 

The method plots the log-log scale of the aggregation level against the absolute first 

moment of the aggregated series X(m) should be a straight line with slope of H-1, if the 

data are long-range dependent. 

 

Figure 2.7: The absolute method applied (stars: actual sequence, circles: randomly sequence slope of -
0.5). From [53] 



12 

 

2.5.3. R/S method 

This method uses the rescaled range statistic (R/S statistic). The R/S statistic is the 

range of partial sums of deviations of a time-series from its mean, rescaled by its 

standard deviation. A log-log plot of the R/S statistic versus the number of points of 

the aggregated series should be a straight line with the slope being an estimation of 

the Hurst exponent. 

 

Figure 2.8: Example of R/S method. From [53] 

2.5.4. Periodogram method 

This method plots the logarithm of the spectral density of a time series versus the 

logarithm of the frequencies. The slope provides an estimate of H. The periodogram is 

given by 

@(U) = 1

4VE
W∑ �(X)9YZ[E

ZH1 W2
 (2.14) 

where U is the frequency, N is the length of the time series and X is the actual time 

series. 



13 

 

 

Figure 2.9: Example of Periodogram method. From [53] 

2.5.5. Whittle estimator 

The method is based on the minimization of a likelihood function, which is applied to 

the periodogram of the time-series. It gives an estimation of H and produces the 

confidence interval. It does not produce a graphical output. 

2.5.6. Variance of residuals 

A log-log plot of the aggregation level versus the average of the variance of the 

residuals of the series. The graph should be a straight line with slope of H/2. 

 

Figure 2.10: Example of Variance of residuals. From [55] 
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2.5.7. Abry-Veitch 

Wavelets are used for the Hurst exponent to be estimated. The energy of the series in 

various scales is studied to calculate the Hurst exponent. 

 

Figure 2.11: Example of Abry-Veitch method. From [54] 

2.6. FARIMA model 

As mentioned above, the new real data traffic exhibits burstiness and long range 

dependence so it is not possible to model it with traditional models such as Poisson 

process, Markov process, AR, MA, ARMA or ARIMA processes, which are only able to 

capture short-range dependence [50]. 

Therefore, new self-similar processes have appeared in order to obtain long-range 

dependence, such as Fractional Gaussian Noise (FGN) [47] and Fractional Differencing 

Noise (FDN) models [48]. However, recent real traffic measurements have found the 

co-existence of short-range dependence and long-range dependence in traffic traces 

[49] which means that they are not suitable to model real traffic. On the other hand, 

there is a model with this capability called Fractional Autoregressive Integrated Moving 

Average (FARIMA) that we are going to define in the following section. 

2.6.1. Theoretical definition  

FARIMA model is a generalization of ARIMA model when the degree of differencing d is 

allowed to take non-integral values. The definition of FARIMA model states as follows 
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\(])∆S�_  =  `(])�_  (2.13) 

where �_ is a white noise, a ϵ (-0.5, 0.5), bS denotes the fractional differencing 

operator, 

\(]) = 1 − c1] − c4]4−. . −cd]d,     (2.15) 

`(]) = 1 −θ1] − e4]4−. . −ef]f       (2.16) 

and \(]) and `(]) have no common zeroes and no zeroes in |]| <  1. B is defined as 

the backward-shift operator, g as the number of poles that are known as the 

autoregressive part and h as the number of zeroes that are known as the moving 

average part. 

It is worth noting that the aim of FARIMA is to estimate the future behavior of the 

traffic depending on the past values collected. 

Moreover, it is interesting to point out that FARIMA model can be implemented in an 

easy way by an ARMA process driven by FDN when a i (0,0.5), g ≠  0 and h ≠  0. 

2.7. Estimation tools 

The insurrection of new concepts such as self-similarity, fractals, and long range 

dependence that the field of telecommunications networks has experienced, has led to 

the emergence of new tools that are used for the analysis of the new traffic patterns. 

Moreover, well-known tools are being used to calculate some traffic features.  

2.7.1. SELFIS tool  

This is a Java-based, modular, extendible, freely distributed software tool, which can 

automate time-series analysis. The tool's purpose consists on becoming a stand-alone 

public tool which allows analyzing the new traffic's features and making it easy-to-use 

and understandable by non-experts. 
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SELFIS tool incorporates all the widely used long-range dependence estimators. Also, 

SELFIS offers data processing methodologies and transforms, such as wavelets, Fourier 

transform, stationary tests and smoothing algorithms. In addition, SELFIS provides the 

possibility of synthesizing long-range dependent time sequences, as it includes 

fractional Gaussian noise generators. 

Some benefits provided by SELFIS tool are the following: 

- Accessibility: SELFIS helps spreading the use of LRD concept for research and 

educational purposes. 

- User friendliness: The interface of the tool is straightforward making its use 

effortless, while visualization offers a fast sanity check of results. 

- Robustness: It offers multiple estimators for reliable results and presents their 

statistical significance. 

- Open source collaborative development 

- Repeatability: Results can be replicated and verified. 

- Free tool 

To see SELFIS tool in more details, see [24]. 

2.7.2. Matlab: System Identification Toolbox 

The System Identification Toolbox allows building mathematical models of a dynamic 

system based on measured data. It contains all the common techniques to adjust 

parameters in all kind of linear models. It also allows examining the models’ 

properties, and checking whether they are good or not, as well as preprocessing and 

polishing the measured data. 

In this thesis, we will use Matlab to program a function that calculates the utilization. 
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3. DiffServ architecture 

3.1. Background 

Internet Protocol (IP) has become in the last years the most used protocol in data 

networks. In the origin, IP was designed to provide a best-effort service to deliver 

packets through any network transmission, but without being able to distinguish 

between the different traffic types it was handling.  

However, times have changed; the internet traffic has increased considerably and is 

expected to keep on increasing during the following years [7]. Therefore, adding this 

fact to the large amount of new applications handled over IP that are sensitive to 

delays, jitter, bandwidth, packet loss, etc. the IP’s point of view has changed making it 

focus to provide quality of service (QoS) [10], in addition to best-effort service. 

The Internet Engineering Task Force (IETF) [8] has defined two models in order to 

facilitate the end-to-end QoS on an IP network: 

- The Integrated Services (IntServ) [9] model is based in ReSerVation Protocol 

(RSVP) that consists in reserve resources along the routers used in the 

communication. This leads to scalability problems because due to the need to 

control the data flow of all the network’s routers. 

- The Differentiated Services (DiffServ) model is based in the classification of 

different kinds of traffic and the assignment of priorities within the each class.  

The DiffServ Code Point (DSCP) is responsible of determining which the 

treatment of the information will be used. 

Nowadays, DiffServ model has supplanted the other QoS mechanisms and has become 

the standard architecture on IP networks to provide QoS. 
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3.2. Differentiated Services 

As stated above, DiffServ model is based on the classification of incoming packets into 

different classes depending on the treatment policy assigned. Subsequently, within 

each class, a priority and/or service features are assigned for each type of packet. To 

afford this behavior, the inbound traffic is marked with the DSCP which specifies the 

treatment of the packet and can be found on the IP header.  

 

Figure 3.1: DS field structure that replaced the Tos field in December 1998. From [11] 

Differentiated Services are carried out in a quite defined domain that forms part of an 

IP network and where the inbound traffic is treated following predefined rules. Edge 

and core routers are the main devices that can be found in DS domain. 

The edge router interconnects a DS domain with another DS domain or another part of 

a network that is not able to handle differentiated services. It can work as an ingress or 

egress node and its function consists in classify and mark the incoming traffic. 

Therefore, its implementation is the most complicated within the domain. 

The function of core router is to ensure the right treatment of the packets according to 

the DSCP stored in packet header. 

The technology that DS domain devices follow is defined in RFC 2475 [12], an 

architecture composed by several blocks. The first part is in charge of classifying the 

packets into the different classes and marking them with DSCP mark. The second one, 

in the other hand, called conditioning, is responsible of performing traffic according to 

DSCP values. 
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The first part is subdivided into two blocks; the Classifier that classifies packets into the 

classes according to predefined rules; and the Marker, that marks all the incoming 

packets with a specific DSCP that defines the packet treatment, also called Per Hop 

Behavior (PHB) index. We have to mention that there are two types of classifiers: 

Multifield and Behavior Aggregate [13], being the second one the most used. 

The second part is composed by the Meter, Remaker, Shaper and Dropper. The 

functions and features are described in [12]. 

Below a generic DS domain is shown: 

 

Figure 3.2: Generic DiffServ Operation Model. From [14] 

Once the packets have been classified and marked, the next step consists of ensuring 

the correct management of the packets according to the forwarding policy assigned. 

To that end, queue and packets schedulers are used.  

There are different control mechanisms to take into account on a DS domain. 
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• Per Hop Behavior:  

Defines the policy and priority applied to forwarded packets and is considered a 

traffic handling mechanism. There are 4 types of PHB: 

- Default PHB [11]: It is a best-effort service without guaranteeing the packet 

delivery. It does not assure any level of QoS. 

- Class-Selector PHB [11]: Used for the backward compatibility with the 

existing IP precedence scheme, currently used in the IP network. 

- Assured Forwarding [15]: Useful when forwarding packets reliably is the 

purpose. Ensures a low packet loss ratio, but it does not take into account if 

there are high delays and jitter levels. 

- Expedited Forwarding [16]: Guarantees minimum delay, minimum jitter and 

minimum packet loss. 

• Queuing Mechanisms:  

Mechanisms that manage network resources by coordinating and configuring network 

devices’ traffic handling techniques. Below some scheduling methods are introduced. 

- First In First Out (FIFO): Is the default queue mechanism. When there is a 

problem with network’s congestion, the incoming packets are stored in the 

queue, waiting to be sent as soon as possible in the same order than arrival, 

but if the queue is full, the incoming packets are dropped. It does not offer 

quality of service because it is not able to distinguish between different 

types of packets. 
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Figure 3.3: FIFO packet scheduling. From [17] 

- Priority Queuing (PQ): Ensures the packet forwarding with high priority. 

Classifies the packets per priority and they are served in priority order. 

However, it has some inconveniences: it is an static method, so it is not able 

to adapt to the network requirements; and besides, it can leave the packet 

with less priority out of service. 

 

Figure 3.4: PQ packet scheduling. From [18] 

- Custom Queuing (CQ): Allows several applications to share the network 

with a guaranteed minimum bandwidth. 
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Figure 3.5: CBQ packet scheduling. From [19] 

- Weight Fair Queuing (WFQ): It is an adaptive mechanism. Its algorithm is 

based in flows able to execute two tasks at the same time. It distributes 

more bandwidth to the delay sensitive traffic but ensuring a minimum 

bandwidth to the other queues. Nevertheless, it is not scalable within the 

networks. 

 

Figure 3.6: WFQ packet scheduling. From [17] 

- Weight Round Robin (WRR): Allows to assign a different percentage of the 

available bandwidth to each queue. 
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Figure 3.7: WRR packet scheduling. From [20] 

- Class Based WFQ (CBWFQ): It is the mechanism that solves the scalability 

problems of WFQ. The packets arrive classified so we do not take into 

account the independent flows, only the classes. 

 

Figure 3.8: CBWFQ: packet scheduling. From [19] 

- Low Latency Queue (LLQ): ): It is the mechanism recommended for traffic 

that requires low delay and jitter. 

-  

Figure 3.9: LLQ packet scheduling. From [19] 
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• Queue management mechanisms: 

The default queue behavior is called “tail-drop” and it consists of dropping all the 

incoming packets when the queue is full. This situation is unfair and leads to retransmit 

the traffic that have not entry in the queue again, causing delay in the communication 

and making the network get congested. To solve this problem, new queue 

management techniques are introduced allowing the optimization of the throughput 

and the implementation of congestion control algorithms. Among these techniques it 

is worth to emphasize on Random Early Detect (RED) [21], the BLUE active algorithm 

[22] and Weighted Random Early Detect [23]. 
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4. OPNET simulator and simulated architecture 

OPNET Technologies, Inc. [3] provides software products and related services to 

professionals of the networking area. The tools allow them to model and analyze 

telecommunication network systems in order to design, optimize and study network 

communications, protocols and devices and to improve applications and server 

performance management. Their main customer base are corporate enterprises, 

government and defense agencies, service providers, network equipment 

manufacturers and universities. As examples of these customers we can mention 

NASA, MIT, Hewlett Packard, Avaya, etc. [4] which are reputable organizations and 

enterprises. 

Opnet Modeler is their most important product developed in 1986 by a young MIT 

student and considered the industry’s leading environment for network modeling and 

simulation. Opnet modeler’ is an object-oriented approach through modeling and 

graphical editors that emulate actual networks, devices and protocols [5]. Opnet 

modeler supports all the networks and technologies and in addition, it has become the 

most prestigious software to accelerate R&D processes used by technology 

organizations. 

The key features of Opnet modeler are the following: 

• Fastest discrete event simulation engine. 

• Supports hundreds of protocol and vendor device models with source code. 

• Scalable simulation environment. 

• Integrated GUI-based debugging and analysis. 

• Open interface for integrating external objet files, libraries and other 

simulators. 

Opnet models backbone architecture is composed by three layers: the network layer, 

the node layer and the process layer. Although it does not follow strictly the OSI model 

[6] , they are both compatible. 
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The features shown below are the Opnet’s architecture main ones: 

Layer Features 

Network layer Represents network and sub-network topology 

Node layer Represents protocol and application functions, and the flow of 

internal data of the device 

Process layer Represents the internal diagram state and code that define the 

protocol’s logic and control flow 

Table 4.1: Opnet modeler’s architecture 

Knowing the advantages that Opnet can offer us in the field of telecommunication 

networks, we decided to use it in order to study the behavior of the utilization 

depending on incoming traffic in a telecommunication network. 

4.1. Simulated architecture 

In this section we introduce the studied network that has helped us developing our 

thesis. The network was previously created and configured by [1].  
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Figure 4.1: Simulated network 

Figure 4.1 emulates a DiffServ architecture so all the devices and applications have 

been configured in such a way that the communication between them within the 

network behaves as followed in DiffServ’s characteristics.  

For a better understanding of the network topology, we will now have a look to the 

most important features of applications and profiles configured. 

• FTP application:  

 

Figure 4.2: FTP application 
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- Command Mix (Get/Total): Percentage of “get” commands files to the total FTP 

commands.  

- Inter-Request Time (seconds): Time between file transfers. 

- File Size (bytes): Size of a transferred file in bytes. 

- Type of Service: Packets sent from this client will behave following the type of 

service and/or the DSCP established in this parameter. In this case, Best Effort, 

it will be the lowest priority of the network. 

• Database Application 

 

Figure 4.3: Database Application 

- Transaction Mix (Queries/Total Transactions): Percentage of database query 

transactions to the total transactions. 

- Transaction Interarrival Time (seconds): Defines when the next database 

transaction will start.  

- Transaction Size (bytes): Size of the transaction request in bytes. 

- Type of Service: Packets sent from this client will behave following the type of 

service and/or the DSCP established in this parameter. In this case, AF11, the 

second lowest priority of the network will be applied.  
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• HTTP application 

 

Figure 4.4: HTTP application 

- HTTP Specification: Specifies the HTTP version used and consequently the HTTP 

parameters associated to it. 

- Page  Interarrival Time (seconds): Time between page requests in seconds. 

- Page Properties: Defines the page properties. Per each page the properties of 

each object that it contains and within the objects, the number of objects set 

are defined. 

- Server Selection: Determines which server is used for each page access. 

Depending on the way the HTML pages are linked to other pages, the behavior 

of each user will be different. We can find diverse ways to do it: 

o Searching: The user explores different sites with an access number 

limitation to each site. 

o Browsing: The user accesses many links to the same site before moving 

to another site. 

o Research: The user has a limited number of sites, but he a large number 

of pages can be accessed on them. 
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- Type of Service: Packets sent from this client will behave following the type of 

service and/or the DSCP established in this parameter. In this case, AF21, the 

second highest priority of the network will be applied. 

• VoIP application: 

 

Figure 4.5: VoIP application 

- Voices Frames per Packet: Number of encoded voice frames into a voice packet 

before being sent. 

- Type of Service: Packets sent from this client will behave following the type of 

service and/or the DSCP established in this parameter. In this case, AF31, the 

highest priority of the network will be chosen. 

- Compression and Decompression Delay: The delay compressing and 

decompressing a voice packet respectively. The total voice packet delay is equal 

to the result of adding the network delay, encoding and decoding delay 

(assumed equals) and compression and decompression delay.  

  



31 

 

• Profile: 

 

Figure 4.6: Profile parameters 

- Applications: The different applications that are executed within this profile, 

which are the following: 

o Start Time Offset: It depends of the operation mode. If it is set to 

simultaneous, as in our case, this offset refers to the first instance of 

each application. 

o Duration: The time allowed before an application session is aborted, 

used as a timeout. 

o Repeatability: Specifies the parameter that set the repetitions of the 

application within the profile. Defines when the next session of the 

application will start, the number of repetitions and the repetition 
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pattern. The applications will behave differently depending on the 

repetition pattern chosen. The following are the possible repetition 

patterns: 

� Serial: The starting time of the next application is computed 

adding the inter-repetition time to the time  when the previous 

session was completed. 

� Concurrent: The starting time of the next application is 

computed adding the inter-repetition time to the time when the 

previous session was started. 

- Operation Mode: Defines which the application’s starting mode will be 

- Start time and Duration: Defines when the profile session will start and the 

maximum time allowed before the profile ends. 

- Repeatability: Specifies the parameter that set the repetitions of the profile 

session. Defines when the next session of the profile will start, the number of 

repetitions and the repetition pattern. The profile will behave differently 

depending on the repetition pattern chosen. The following are the possible 

repetition patterns: 

o Serial: The starting time of the next profile is computed adding the 

inter-repetition time to the time when the previous session was 

completed. 

o Concurrent: The starting time of the next profile is computed adding the 

inter-repetition time to the time when the previous session was started. 
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5. Experimental results 

In this chapter, experiments and experimental results are given. For each experiment, 

goal, data and procedures, fixed and variable parameters, criteria and experimental 

results are described. 

5.1. Experiment 1: Utilization of a queue 

In the first experiment we have analyzed the utilization of telecommunications 

network system’s queue (see Figure 4.1).  

The aim of this experiment is to observe if the utilization of the queue varies according 

to the inbound traffic burstiness measured by self similarity, see Section 5.2.2. 

Therefore, we have varied  the inbound traffic generating self-similar and non-self-

similar traffic. In our case, we have focused on HTTP traffic, and we have observed how 

the generated packets’ distribution time variation affects in the utilization of a queue 

depending on the incoming traffic and the queue mechanisms used (Weight Round 

Robin and Priority Queuing). 

To perform the test, the measurement points chosen correspond to ER1_qA and 

ER1_qB shown in the following figure. 

 

Figure 5.1: Measurement points of the topology network studied 
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5.1.1. Test data and parameters of the experiment 

The simulated network topology was previously configured by [1]. We have changed 

some of its features to generate a large amount of traffic that would allow us to 

observe which the impact on the utilization of a queue is. 

We have modified the time distribution of page requests of HTTP applications. 

Therefore, we have divided the traffic generated in three parts: constant, exponential 

and heavy-tailed distribution. Our purpose consists of testing the self-similarity 

generated by the traffic according to the time distribution used. 

(1) Constant time distribution of traffic: The HTTP features for this case, selected in 

OPNET simulation,  are shown below: 

 

                    Figure 5.2: HTTP application modified   Figure 5.3: HTTP profile 

 

Figure 5.4: HTTP Page Properties   Figure 5.5:  HTTP Server selection 
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The fixed parameters were chosen arbitrarily so that we could imitate a HTTP 

application reasonably. The concerning variable parameters (page requests and 

number of repetitions of HTTP application in HTTP profile) were chosen in such a way 

that Opnet Modeler could afford the simulation successfully and  generated traffic was 

large enough to study the behavior of the utilization of a queue depending on the 

inbound traffic. As we realized that 0.01 seconds was a proper value, from that 

moment on we decided to fix this value for variable parameters and only change the 

time distribution of them. 

Once the traffic was generated, the next step consisted of checking self-similarity by 

predicting Hurst parameter. Firstly, in order to carry out this action, we exported data 

from Opnet, with the available option “Export Graph Data to Spreadsheet” and loaded 

it in the SELFIS tool. 

 

Figure 5.6: Left: Generated traffic with constant time distribution on the network when using Weight 

Round Robin as the queue mechanism. Right: Generated traffic with constant time distribution on the 

network when using Priority Queuing as the queue mechanism. 

 Periodogram Aggregate 

Variance 

Abry-Veitch 

Estimator 

Whittle 

estimator 

WRR 1.389 1.029 0.830 0.953 

PQ 0.635 0.810 0.568 0.968 

Table 5.1: Hurst values 
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As we can appreciate, the obtained generated traffic is not self-similar using Weigh 

Round Robin and it is self-similar using Priority Queuing. 

Furthermore, if we wish to extract important information we must take into account 

the following: even generating traffic under the same conditions, depending on the 

queue mechanism used, the result is different. Although the main reason is the 

random traffic generation, there are other reasons like for example the application and 

profile configuration in Opnet modeler which is set in such a way that the traffic 

generation depends on how the packets are handled into the network. 

(2) Exponential time distribution of traffic: 

We switched the page requests parameter and the number of repetitions of the HTTP 

application in HTTP profile to an exponential time distribution, exactly exponential 

(0.01) due to the value selected previously to work in the whole experiment 1 and we 

followed the same steps that in the previous case. 

 

 

Figure 5.7: Left: Generated traffic with exponential time distribution on the network when using Weight 

Round Robin as the queue mechanism. Right: Generated traffic with exponential time distribution on 

the network when using Priority Queuing as the queue mechanism. 
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 Periodogram Aggregate 

Variance 

Abry-Veitch 

Estimator 

Whittle 

estimator 

WRR 1.453 1.012 0.894 0.985 

PQ 1.400 1.036 0.991 0.984 

Table 5.2:  Hurst values estimated 

As we can see in Table 2, Hurst parameter estimations fluctuate between values bigger 

than 1 and self-similar values which means we can predict there is no self-similar 

traffic or SELFIS Tool is not able to estimate adequately Hurst parameter.   

 (3) Heavy tailed time distribution of traffic:  

We changed the page requests parameter and the numbers of repetitions of HTTP 

applications in HTTP profile to a heavy tailed distribution as we did before. The heavy 

tailed distribution chosen is Weibull (5, 0.01), the shape in order to generate enough 

amount of bursty traffic and the constant value because is the one we decided to use 

in this experiment, as we mentioned before. 

 

Figure 5.8: Left: Generated traffic with heavy-tailed time distribution on the network when using Weight 

Round Robin as the queue mechanism. Right: Generated traffic with heavy-tailed time distribution on 

the network when using Priority Queuing as the queue mechanism. 

As we can observe in figure 5.8, the generated traffic when the packets are handled 

using Priority Queuing mechanism exhibits burstiness. However, with Weigh Round 

Robin it does not. So we expect Hurst parameter’s values between 0.5 and 1 in the first 

case and differing values in the second case. 
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 Periodogram Aggregate 

Variance 

Abry-Veitch 

Estimator 

Whittle 

estimator 

WRR 1.253 1.010 1.064 0.980 

PQ 0.996 0.994 0.720 0.873 

Table 5.3: Hurst values estimated 

5.1.2.  Experimental results: traffic’s influence on the utilization of a 

queue 

In this section, we analyze how the traffic features affect on the utilization of a queue. 

To carry out this action we have to observe the inbound and the outbound traffic of 

the queue. This section consists of two parts: Weigh Round Robin Queue and Priority 

Queuing Queue: 

(1) Weigh Round Robin Queue: 

Below, we check the behavior of HTTP traffic according to the time distribution set. In 

all the plots, the red line is the traffic received and the blue one the traffic sent. 

 

Figure 5.9: Comparison between the inbound and outbound generated traffic with a constant time 
distribution in a weight round robin queue 
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Figure 5.10: Comparison between the inbound and outbound generated traffic with an exponential time 
distribution in a weight round robin queue 

 

Figure 5.11: Comparison between the inbound and outbound generated traffic with a heavy-tailed time 
distribution in a weight round robin queue 

To continue with the analysis, we have calculated the utilization of the queue. We have 

followed the standard definition described in Section 2.4. It is important to mention 

that λ and µ correspond to the traffic received and sent, respectively. We have to 

indicate that due to the fact that the queue has its own memory, we have obtained ρ 
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values bigger than 1. In fact, the biggest value signifies is the more packets have to be 

dropped. 

 The utilization is calculated with the function utilization.m (see Appendix A). 

 

Figure 5.12: Utilization of WRR queue 

In this case, we cannot discuss about the relationship between self-similar traffic and 

utilization of a queue because all the traffics generated are non self-similar. 

(2) Priority Queuing Queue: 

For this queuing mechanism, we have repeated the same tests as with the previous 

mechanism in order to try to extract some information that could help us set a 

relationship between traffic and utilization. 
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Figure 5.13: Comparison between the inbound and outbound generated traffic with a constant time 
distribution in a priority queuing queue 

 

Figure 5.14: Comparison between the inbound and outbound generated traffic with an exponential time 
distribution in a priority queuing queue 
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Figure 5.15: Comparison between the inbound and outbound generated traffic with a heavy-tailed time 
distribution in a priority queuing queue 

 

Figure 5.16: Utilization of PQ queue 

Observing the graph we could think that self-similar traffic has a better behavior due to 

the lower utilization, but if we check the number of bytes that the queue received, we 

realize that the amount of traffic transmitted by exponential sources is much higher. 
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This means that the amount of traffic received impacts more on the utilization of a 

queue than their behavior itself.  

5.1.3. Discussion  

After several simulations varying different parameters in Opnet modeler, we have 

reached the conclusion that there are many factors which condition the traffic’s self-

similarity such as the number of sources transmitting, the different kind of traffic 

working when a source starts transmitting, the manner that network handle packets or 

even the duration of the simulation. For this reasons, it becomes very hard to generate 

self-similar traffic although we generate self-similar traffic in the basis. 

Finally, analyzing the results obtained, we can say that when a queue is not capable to 

handle all the incoming traffic, the amount of it is the principal responsible of 

obtaining a utilization value or other. The more incoming traffic, the higher the 

utilization of a queue is, due to the dropped packets’ increase ending into values of the 

utilization above 1.  

From the information exposed in the previous paragraph we can affirm that self-

similar traffic has a high impact on utilization because it is hard to predict bursty 

traffic’s behavior. Thus, there are periods when the queue is not capable to handle all 

the packets and to solve this issue; the utilization and dropped packets are higher than 

usual. On the other hand there are other periods when the utilization is very low due 

to the low traffic received that systems do not work a full capacity. In conclusion, this 

implies that is hard to design network devices that work with self-similar traffic. 

In addition, we have demonstrated the good running of DiffServ architecture by fixing 

the problems with the service’s quality when the traffic exhibited burstiness [2]. 
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5.2. Experiment 2: time window’s length’s influence on the utilization 

In the second experiment we have checked how the time window length influences on 

the utilization.  

To carry out this experiment we have implemented a function in Matlab called 

utilization vs time length.m (see Appendix A). The function’s aim is to calculate the 

utilizations of a traffic given depending on the time window’s length and to plot all the 

utilization into the same graphic to compare them. 

5.2.1. Experimental results 

In order to have a good understanding of the time window’s length’s influence on the 

utilization, we have selected two of the utilizations obtained with the traffic analyzed 

on the previous experiment and we have computed them with the function that we 

have implemented. 

In both cases, we have chosen the same time window’s length, concretely N = 4, 8, 16, 

32, 100 to study the utilization’s behavior. 

 

Figure 5.17: utilization of WRR queue with generated traffic with heavy-tailed time distribution 
depending on the time window length 
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Figure 5.18: utilization of PQ queue with generated traffic by constant time distribution depending on 
the time window length 

As we can observe in both images the utilization gets smoother as the time window’s 

length increases, as we expected. 

5.2.2. Discussion 

The variation of the time window’s length implies a change on the utilization’s 

behavior. The bigger the time window’s length is, the smoother the utilization is. 

Therefore, for every aggregation of time the function seems more linear and the peaks 

and the variations in the function are more complicated to observe. 

Moreover, we can extract from the results obtained that if the time window length is 

equal to the number of samples simulated, the utilization will turn out into constant 

line with the average value of the utilization along the time. 
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6. Final conclusion and further work 

The aim of this thesis was to test the self-similar traffic’s influence on the utilization of 

a queue. 

Firstly, we must say that it was not easy to configure neither a DiffServ scenario nor 

generating self-similar traffic in Opnet modeler because there is not guidance and the 

number of parameters to take into account is huge for a non-expert. However, after 

experimenting with Opnet, we have to point out that it is a great software to create, 

model and analyze telecommunication networks and the possibilities it offers to work 

in the telecommunications’ field are infinite. 

Moreover, it was hard to estimate whether the generated traffic exhibited self-

similarity or not, due to the fact that the Hurst parameter estimators lead to conflictive 

values. 

We have demonstrated that the bigger the amount of traffic is the more packet losses 

and delays increase (see section 5.1.2, Figure 5.15). Subsequently, the utilization of the 

queue increases too. This is connected with self-similar traffic due to the variation of 

the amount of traffic sent that the utilization of the queue changes depending on this 

traffic. 

In addition, we have checked that the utilization’s behavior changes depending on the 

time window’s length used. The bigger the time window’s length is, the smoother the 

utilization is.  

To conclude, we would like to mention that the possibilities offered by the utilization 

are important so it would be interesting to calculate for example the utilization of a 

switch, a router or a system and observe how the self-similarity affects them. The only 

requirement is to have two points connected with a common feature.  
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8. Appendix A 

Utilization.m 

%% UTILIZATION 

% This script is to compute the utilization 

% ------------------------------------------------------------------------- 

% Author: Nicolas Perez 

%% ------------------------------------------------------------------------ 

close all 

clear all 

%% ------------------------------------------------------------------------ 

% SET PATHS 

absoluteRootPath = 'C:\Users\nicolasp\Desktop\Experimental case 1'; 

  

% LOAD TRAFFIC 

  

traffic_received_constant = csvread('PQ_constant_trafficreceived.csv'); 

traffic_1_received_constant = traffic_received_constant(:,1); 

traffic_2_received_constant = traffic_received_constant(:,2); 

  

traffic_sent_constant = csvread('PQ_constant_trafficrecsent.csv'); 

traffic_1_sent_constant = traffic_sent_constant(:,1); 

traffic_2_sent_constant = traffic_sent_constant(:,2); 

  

traffic_received_exponential = csvread('PQ_exponential_trafficreceived.csv'); 

traffic_1_received_exponential = traffic_received_exponential(:,1); 

traffic_2_received_exponential = traffic_received_exponential(:,2); 

  

traffic_sent_exponential = csvread('PQ_exponential_trafficrecsent.csv'); 

traffic_1_sent_exponential = traffic_sent_exponential(:,1); 

traffic_2_sent_exponential = traffic_sent_exponential(:,2); 

  

traffic_received_heavy = csvread('PQ_heavy_trafficreceived.csv'); 

traffic_1_received_heavy = traffic_received_heavy(:,1); 
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traffic_2_received_heavy = traffic_received_heavy(:,2); 

  

traffic_sent_heavy = csvread('PQ_heavy_trafficrecsent.csv'); 

traffic_1_sent_heavy = traffic_sent_heavy(:,1); 

traffic_2_sent_heavy = traffic_sent_heavy(:,2); 

  

traffic_generated_WRR = csvread('WRR_heavy_trafficgenerated.csv'); 

traffic_1_generated_WRR = traffic_generated_WRR(:,1); 

traffic_2_generated_WRR = traffic_generated_WRR(:,2); 

  

traffic_generated_PQ = csvread('PQ_heavy_trafficgenerated.csv'); 

traffic_1_generated_PQ = traffic_generated_PQ(:,1); 

traffic_2_generated_PQ = traffic_generated_PQ(:,2); 

 

traffic_length = numel(traffic_2_received_constant); 

%% ------------------------------------------------------------------------ 

%PLOT TRAFFIC 

 

 %% Plot traffic constant 

%plot(traffic_1_received_constant,traffic_2_received_constant,'red',traffic_1_sent_constant,t
raffic_2_sent_constant,'blue'); 

%xlabel('time(sec)'); 

%ylabel('bytes'); 

%legend('traffic received','traffic sent'); 

  

Plot traffic exponential 

%plot(traffic_1_received_exponential,traffic_2_received_exponential,'red',traffic_1_sent_exp
onential,traffic_2_sent_exponential,'blue'); 

%xlabel('time(sec)'); 

%ylabel('bytes'); 

%legend('traffic received','traffic sent'); 

 

Plot traffic heavy-tailed 

%plot(traffic_1_received_heavy,traffic_2_received_heavy,'red',traffic_1_sent_heavy,traffic_2_
sent_heavy,'blue'); 

%xlabel('time(sec)'); 
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%ylabel('bytes'); 

%legend('traffic received','traffic sent'); 

  

%%Plot traffic generated 

%plot(traffic_1_generated_WRR,traffic_2_generated_WRR); 

%xlabel('time(sec)'); 

%ylabel('bytes'); 

 

%plot(traffic_1_generated_PQ,traffic_2_generated_PQ); 

%xlabel('time(sec)'); 

%ylabel('bytes'); 

  

 

%% ------------------------------------------------------------------------ 

  

%PLOT UTILIZATION 

  

x = [1 1 1 1]/4; 

  

mean_traffic_received_constant = conv(traffic_2_received_constant,x); 

mean_traffic_sent_constant = conv(traffic_2_sent_constant,x); 

mean_traffic_received_nonzero_constant = mean_traffic_received_constant(9:traffic_length); 

mean_traffic_sent_nonzero_constant = mean_traffic_sent_constant(9:traffic_length); 

traffic_length_utilization = numel(mean_traffic_sent_nonzero_constant); 

  

for t = 1:traffic_length_utilization     

p(t) = mean_traffic_received_nonzero_constant(t) / mean_traffic_sent_nonzero_constant(t); 

end 

  

mean_traffic_received_exponential = conv(traffic_2_received_exponential,x); 

mean_traffic_sent_exponential = conv(traffic_2_sent_exponential,x); 

mean_traffic_received_nonzero_exponential = 
mean_traffic_received_exponential(9:traffic_length); 

mean_traffic_sent_nonzero_exponential = mean_traffic_sent_exponential(9:traffic_length); 

for y = 1:traffic_length_utilization     
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p_2(y) = mean_traffic_received_nonzero_exponential(y) / 
mean_traffic_sent_nonzero_exponential(y); 

end 

  

mean_traffic_received_heavy = conv(traffic_2_received_heavy,x); 

mean_traffic_sent_heavy = conv(traffic_2_sent_heavy,x); 

mean_traffic_received_nonzero_heavy = mean_traffic_received_heavy(9:traffic_length); 

mean_traffic_sent_nonzero_heavy = mean_traffic_sent_heavy(9:traffic_length); 

for g = 1:traffic_length_utilization     

p_3(g) = mean_traffic_received_nonzero_heavy(g) / mean_traffic_sent_nonzero_heavy(g); 

end 

  

time_utilization = traffic_1_received_constant(9:traffic_length); 

 

 

plot(time_utilization,p,'red',time_utilization,p_2,'blue',time_utilization,p_3,'green'); 

axis ([17 60 1 2.4]); 

ylabel('\rho'); 

xlabel('time(sec)'); 

legend('constant','exponential','heavytailed'); 

  

Utilization vs time window length.m 

%% UTILIZATION vs TIME LENGTH 

% 

% This script is to compare the utilization depending on the window length  

% 

% ------------------------------------------------------------------------- 

% Author: Nicolas Perez 

%% ------------------------------------------------------------------------ 

close all 

clear all 

%% ------------------------------------------------------------------------ 

% SET PATHS 

absoluteRootPath = 'C:\Users\nicolasp\Desktop\Experimental case 2'; 
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% LOAD TRAFFIC 

 traffic_received = csvread('WRR_heavy_trafficreceived.csv'); 

traffic_1_received = traffic_received(:,1); 

traffic_2_received = traffic_received(:,2); 

  

traffic_sent = csvread('WRR_heavy_trafficrecsent.csv'); 

traffic_1_sent = traffic_sent(:,1); 

traffic_2_sent = traffic_sent(:,2); 

  

traffic_length = numel(traffic_2_received); 

  

%% ------------------------------------------------------------------------- 

%PLOT UTILIZATION 

  

% Time window length = 4 

 

 x = ones(1,4); 

mean_traffic_received = conv(traffic_2_received,x); 

mean_traffic_sent = conv(traffic_2_sent,x); 

mean_traffic_received_nonzero = mean_traffic_received(50:traffic_length); 

mean_traffic_sent_nonzero = mean_traffic_sent(50:traffic_length); 

traffic_length_utilization = numel(mean_traffic_sent_nonzero); 

 

 for t = 1:traffic_length_utilization     

p(t) = mean_traffic_received_nonzero(t) / mean_traffic_sent_nonzero(t); 

end 

  

% Time window length = 8 

 

 x = ones(1,8); 

mean_traffic_received_2 = conv(traffic_2_received,x); 

mean_traffic_sent_2 = conv(traffic_2_sent,x); 

mean_traffic_received_nonzero_2 = mean_traffic_received_2(50:traffic_length); 

mean_traffic_sent_nonzero_2 = mean_traffic_sent_2(50:traffic_length); 
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 for t = 1:traffic_length_utilization     

p_2(t) = mean_traffic_received_nonzero_2(t) / mean_traffic_sent_nonzero_2(t); 

end 

  

% Time window length = 16 

 

 x = ones(1,16); 

mean_traffic_received_3 = conv(traffic_2_received,x); 

mean_traffic_sent_3 = conv(traffic_2_sent,x); 

mean_traffic_received_nonzero_3 = mean_traffic_received_3(50:traffic_length); 

mean_traffic_sent_nonzero_3 = mean_traffic_sent_3(50:traffic_length); 

 

 for t = 1:traffic_length_utilization     

p_3(t) = mean_traffic_received_nonzero_3(t) / mean_traffic_sent_nonzero_3(t); 

end 

 

% Time window length = 32 

 

 x = ones(1,32); 

mean_traffic_received_4 = conv(traffic_2_received,x); 

mean_traffic_sent_4 = conv(traffic_2_sent,x); 

mean_traffic_received_nonzero_4 = mean_traffic_received_4(50:traffic_length); 

mean_traffic_sent_nonzero_4 = mean_traffic_sent_4(50:traffic_length); 

 

 for t = 1:traffic_length_utilization     

p_4(t) = mean_traffic_received_nonzero_4(t) / mean_traffic_sent_nonzero_4(t); 

end 

  

% Time window length = 100 

 

 x = ones(1,100); 

mean_traffic_received_5 = conv(traffic_2_received,x); 

mean_traffic_sent_5 = conv(traffic_2_sent,x); 

mean_traffic_received_nonzero_5 = mean_traffic_received_5(50:traffic_length); 
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mean_traffic_sent_nonzero_5 = mean_traffic_sent_5(50:traffic_length); 

 

 for t = 1:traffic_length_utilization    

p_5(t) = mean_traffic_received_nonzero_5(t) / mean_traffic_sent_nonzero_5(t); 

end  

 

% Plot utilizations 

time_utilization = traffic_1_sent(50:traffic_length); 

plot(time_utilization,p,time_utilization,p_2,time_utilization,p_3,time_utilization,p_4,time_utili
zation,p_5); 

axis([17 60 1.2 4.2]); 

ylabel('\rho'); 

xlabel('time(sec)'); 

legend('N=4','N=8','N=16','N=32','N=100'); 

  

  

  


